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Abstract

Propagation models that can be used for the design of earth-space land l~~ot>ile-sate’llitc’
telecc~n~n~~ll~icatiol~s  systems are presented. These models include: empirical roadside
shadowing, attenuation frequency scaling, fade and non-fade duration distribution,
multipath  in a mountain environment, and multipat}l in a roadside tree environment.
Propagation data from helicopter-rnobile and satellite-rnc)bile measurements in Australia
and the United States were used to develop t}w models.

J.Jnt  rocluct ion

A simple method for calculating fade depth due to roadside shadowing in typical land
mobile satellite envircmmcnts  is presented. A frequency scaling model for signal
attcnuaticm  is shown. Models for fade and non-fade duration distributions are given.
Also, models for clear line-of-sight degradation due to multipath  are shown. The models
were dcvclopcd  from land mobile satellite rncasurements.

Working Part y 5B examined Recommendation 681 and Report 1009 at its meeting in 1991
in Geneva. At that time, the Working l’arty decided that Report 1009 did not contain
sufficient prediction models to support a revision of Rccm-nmendation  681. Recent
studies in the United States of America have developed additional propagation
prediction models for use in the design and planning of land mobi]c satellite systems.
‘l’he models combined with contributions from other administrations should permit the
drafting of a revision of Recommendation 681 using Report 1009 as a basis.

2. lknpirical  Roadside Shadowing Model

Cumulative 1.-Band fade distributions derived from helicopter-mobile and satellite-
mobile rneasuremcnts  in central Maryland, USA have enabled the formulation of an
1 ;mpirical Roadside Shadowing (}11<S) model [Chldhirsh and Vogel, 1992]. “I ‘he
measurements were performed on highways, where the roadside trees were primarily
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of the deciduous variety. in order to assess the extent by which the trees populate the
roadside, a quantity called percentage ,of optical shadowing (l> OS) was defined, This
represents the percentage of optical shadowing caused by rc)adside trees at a path
elc’vaticm angle of 45° in the direction of the signal source -- the same azimut}~ as the
satellite or the helicopter. A model that is valid for 55% < 1’(X  < 75% is given as

A(6, P) = a ( P )  +  ~(P)O+  y(P)02 (1)

fc)r

20° s e < 60°
I%< PS 20%,

where A is the fade exceeded in dl~, 1’ is the percentage c)f the distance traveled over
which the fade is exceeded, and O is the path elevation angle to the satellite. The
parameters, o@), fj(l)), and y(l’) are tabulated in Table 1.

Table 1. Values [x(P), (I(P),  and ~1’) of the INK Model

The JIRS n~odeI  corresponds’to  an overall average driving condition encompassing right
and left lane driving and opposite directions of travel along highways and rural roads
where the overall aspect of the propagation path was, for the most part, orthogonal to
the lines of roadside trees and utility poles. The dominant cause of 1,MSS signal
attenuation is canopy shadowing. l:igure 1 shows plots of fade exceeded versus the path
elevation angle for several constant percentages,

Similar fade measurements were taken in south-eastern Australia. 1,eft-hand circularly
polarized ccmtinuous-wave  transmissions from the Japanese 117’S-V satellite at 1545,15
Ml IZ were used. For the 510 elevation angle, the probability of fade exceeded in the
Australian data may be described by the following best fit exponential model,
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P ( A )  z UXCX~(-VXA) (2)

for

2d?Is  As15d?I,

where P and A are the same as in l!quaticm 1. “J’hc cocfficicnts,
“J’able  2.

u and v, are given in

“J’hc “lll~derate”  condition in Table 2 corresponds to measurements in which there was
50% to 75% optical shadowing. ~’he “extreme” condition corresponds to measurements
in which persistent shadowing occurred. The rms deviations of the measured
distributions relative to the best fit curves are included. For small percentages (]> = I %
to 2%) and moderate optical shadowing the model in llquation  2 produces similar results
to the model in Equation 1.

Table 2. Best l;it l!xponential  (cumulative Fade llistribution

. .. —. ——. —.-.  —...

Road Type

Moderate
.. —.. —

I:xtremc
_= ,— .—.. —

Parameters for a IJat}l  l;levation  Angle of 510

“-.:-:r=;I13Fi=7’-:?”?”-

17.57 0.2184 0.1 2-13 -

95.78 0.1951 0.3 2-15
. . .——.. ——. ——— — —

3. Attenuatio~~. Frequency Scaling  Modgj—.

Vcygel, 1992] at 1,-Band  (1.5 G] Iz) and U] 1 f;
of fades at equal probability values is

Mobile fade measurements [Goldhirsh and
(870 M} 17) have shown that the ratio
approximately consistent with the ratio of the square roc)t of frequencies,

r

JA ( fl,) = A ( fuHfi.) -f<r’ ( 3 )
UHF

for
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frequency.

‘I”wenty-four sets of measurements were macle clriving along tree-lined roads in (~cntral
Maryland, USA. The total driving distance was 480 km. Path elevation angles of 30’3,
45°, and 60° were used. }km frequencies of 1.5 (;1 IZ (I -13and)  and 870 MI IZ (L]] 11;), using
IIquaticm  3, the predicted ratio of attenuations is 1.31. The ratio of measured
attenuations had this mean and an rms deviaticm of ~.O.l from this value. l’lw scaling
applies in the range of P (where P is the percentage of distance traveled over which the
fade is exceeded) between 1% and 30%.

An independent validation of liquation  3 is provided by a set of multifrcquency
measurements [Bundrock and J larvey,  1988] at 893 MI 1~, 1550 Ml lz,, and 2660 MI Iz.
The average error between these measurements and the mode] is less than 6%, I’his
validation extends the applicability of liquation  3 to apprc)ximately  3 G] 1~,.

4. l~ade IIuraticm  IIistribution  Model. . . -—. ..-.. —

Optimal design of land mobile satellite receivers depends on knowledge of the statistics
associated with fade durations. l~ade duration results at 1,-Band were obtained frc)m
measurements in south-eastern Australia. “1’hcse  measurements were used to develop
a model for the cumulative distribution of fade durations [1 last, Vogel, and Goldhirsh,
1991  ], The south-eastern Australia measurements were taken with left-hand circular] y
polari~ed continuous-wave transmissions radiated from the ]apanesc  };TS-V satellite at
1545.15 M} lz. The in- and quadrature-phase detector vcdtages  with noise bandwidths
of 500117, (one-sided) were recorded at a 1 k} 17, rate. I’hc c~utput frcnn a power detector
with a predetection  bandwidth of 200 1 lx was recorded at a 1 k] Ix rate, also. ‘l’he
receiving antenna was of the crossed drc)oping dipole type with 4 dl~ gain, an
a~timuthal]y ornni-directional radiation pattern, and a relatively flat elevation pattern
over a bcamwidth  of 15° to 75°. Fade duration results were obtained by analyzing the
average of two consecutive 1 millisecond samples. l~ade durations were expressed in
units of traveled distance (meters) for which the fades were continuously larger than or
equal to thresholds ranging from 1 to 8 dl~. 1 listance duration may be converted to time
duration by dividing by the vehicle speed. I’he fade durations were observed to follcnv
the lognorma] distribution. For dd 20.02  m:

(’“ c+ @ CJ 1)’ ‘4)P(fiD>dcil  A> AQ) =-;
ln(dd) -  i n ( a )

where 1>(1~11  > dd \ A > A9) represents the probability that the distance fade duration,
};11, exceeds the distance, dd, under the condition that the attenuation, A, exceeds AL,.
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Also, o is the standard deviation of ln(dd), and In([x) is the mean value c)f ln(dd). l’hc
left hand side of Equation 4 was estimated by computing the percentage number of
“duration events’{ that exceed dd relative to the total numbcv of events fc)r which
A > A,l. I;igurc 2 ccmtains  a plot of 1’ versus dd (Ilquaticm  4) fc~r a 5 cil~ fade threshold.
I’hc best fit regression values arc (x = 0.22 and o =- 1,215.  I’able 3 contains the RMS
deviations of cumulative distributions of fade duraticms for various runs relative to the
log-normal fit of IIquation  4. liquaticms 2 and 4 may be multiplied to yield the joint
prc~babi]ity  that FIJ exceeds dd and A excec& A~.

IIade durations, were also derived from nmasuremcmts at 1,-}3and, taken in central
Maryland, lJSA [Goldhirsh and Vogel, 1989]. A helicopter was used as the transmitter
platform with clevaticm angles of 30°, 45°, and 60°. Smaller elevation angles yielded
larger fade durations at fixed percentages. This is consistent with increased shadowing
at lower elcvati.cm angles.

~’able 3. RMS IXwiations Relative to l,og-Norn~al l;it (Ilquation 4) of Cumulative
IIistributions  of l;ade lXlraticms fc)r Various Runs Exhibiting Moderate
and }Ixtrerne Shadowing.

. ..-E . . . . . . : 1 - : ” ” .  ““--”-”

—.

Shadowing Level % RMS Deviation Distance (km)
. ——

Moderate (l<uJI  1) 16.4 33,0
.. ——-— . . .—— ——. — . .——... — -—

Moderate (Run 2) 18.0 8.1
—. ——. . . ..—. ——

Extreme 13,6 2.4
.—— .——

b. Ncm-l:ade Duration L>istribution Model

A “non-fade duration” event of distance duration, dd, is defined as the distance over
which the fade levels are smaller than a specified fade threshcdd.  The non-fade duration
model was developed from the data set that is described in section 4. The measured
data fit the following expression:

P(NF’D  > d d  I A  < AQ) =- O(dd)-r (5)

where l>(NJ~ll  > dd I A < AC]) is the percentage probability that a continuc~us  non-fade
distance, NJ; II, exceeds the distance, dd (meters), given that the fade is smaller than the
threshold, A~. ~’able 4 ccmtains  the valhes c~f ~ and y fcm roads that exhibit “mc)dcrate”
and extreme” shadowing as defined in section 2. A 5 dB fade threshc)ld  is used. The
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two “moderate” runs in the table were combined to produce a single set c~f fit
coefficients.

lable 4. Non-];ade IXlration Regression Values for a 5 dlt l;ade
Threshold at a l’ath Iilevation Angle of 510

Shadowing
Levc]

-- — . .. —-—. —..
Moderate (Run 1)
-- .
Moderate (Run 2)

—
lixtrcrne

.,

% RMS
l)eviation

33.3

20.5

9.3

6. Clear Line-of-Sight IIegradation  Models

]Jl many cases the mobile terminal has a clear line-of-sight to the mobile satellite.
IIcgradation  to the signal can still occur under these circumstances. This degradation
may be caused by terrain that induces multipath. ~’hc mobile terminal receives a phasor
summation of the direct line-of-sight signal and several multipath  signals. I’hcsc
multipath  signals may add constructivc]y or destructively to result in signal
enhancement or fade. ~’hc rnultipath signal characteristics depend on the scattering
cross-sections of the rnultipath reflectors, their number, the distances to the receiving
antenna, the field polarizations, and receiving antenna gain pattern.

1 Xqyadation  measurements were made at 1-Band and LJHI;. The receiving antennas
were mounted on a van about 2.4 ~iwters above the ground. ~’he antenna patterns were
cmmi-directional in azimuth. Between elevation ang]es of 15° and 75° the gain varied
only 3 dB. Below the horizontal the antenna gain was reduced at least 10 dR

6.1 Multipath in a Mountain Environment

l;xperimcnts  were conducted in canyon passes in Colorado, USA [Vogel and Gcddhirsh,
1988]. The transmitter was located on a helicopter that flew behind the receiver which
was lc~cated  on a van. A fixed distance and path depression angle were maintained
between the transmitter and receiver. 1,-~and  (1.5 GI 1~) and LJI IF (870 MI 1~,) signals
were used. I’he terrain through th~ canyon was varied. ~’he wall facets were variable
in height, orientation, foliage overlay, and distance from the roads. Patc}ies of trees
protruded from the canyon walls. I’he rc)ads contained many twists and turns.
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I ~istributions  c)f facie depth were determined from these experiments. I’hc measured
data was modeled with a least square power curve fit.

P=’ax A-b (6)

for

3% SP S-10%

where 1’ is the percentage of distance over which the fade is exceeded, and A is the fade
exceeded in dli ~’he curve fit parameters, a and b, are shown in Table 5.

]iigure 3 contains curves of the cumulative fade distributions for path elevation angles
of 30° and 45° at I.,-Band and U1 ll;. Four runs of 87 km total length were taken through
two canyon passes (Boulder and Big ~’hompson Canyons). I;ach curve on l~i,gure 3 is

l’ab]e 5. Parameters for Best l;it Cumulative Fade Ilistribution
for Multipath in Mountainous Terrain

~. ..--—...—

,

L Frequency
(Glh)

— —

[-
0.870

derived from a subset of these four runs. The curve fits agree with the measured
cumulative distribution data points to within 0.1 dB rms.

l~rcm~ l;igure 3, t}~e fades are 2 to 5 dlt fc}r the 45° elevation and 2 to 8 d13 for the 30°
elevation. The 1,-Bancl  signals exhibit larger fades than the UI ll; signals. This coLIlcl be
due to tree fading or there could have been reflecting facets on the canyon walls that
were closer to the 1.-Band wavelength. I’he larger fades at 30° elevation angle can, in
addition to reasons of scattering geometry, be attributed to the increased propagation
path through trees and foliage.

6.2 Multipath in a Roadside T’rce Environment

llxperimcnts  were conducted along tree lined rc)ads in central Maryland, LJSA [Goldhirsh
and Vc)gel, 1989]. I’hc’ transmitter was located on a helicopter flying behind the recc’iver
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carried by a vehicle. Measurement rLIns were repeated at 30°, 45°, and 60° elevation
angles. Signals at UI ll; and 1 ,-l~anci we’re received. The measurements were relatively
insensitive to path elevation. ‘1’hcreforc,  the measurements were combined intc) a
composite distribution for all three elevation angles. “1’he  measured data was modeled
with an exponential curve fit,

P= uxexp(-vA) (7)

fc)I”

I% SPS 50%

where 1) is the percentage of distance over which the fade’ is exccc’dcd and A is the fade
exceeded in dB. The curve fit parameters, u and v, are shown in Table 6.

l~igure 4 contains curves of the cumulative fade distributions for 1.-Band and lJI 11;.  The
curve fits agree with the measured cumulative distribution data points to within 0.2 dli
}inhanced fading due to multipath would be expected for lower elevation angles (5” to
20°) where forward scattering from relatively smooth rolling terrain may be received
from larger distances.

Table 6. Parameters for Best IIxponential Fit Cumulative l~ade
Distributions for Multipath  for Tree-I ,ined Roads
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